The LHCb measurement of the µ/e ratio R K * indicates a deficit with respect to the Standard Model prediction, supporting earlier hints of lepton universality violation observed in the R K ratio. We show that the R K and R K * ratios alone constrain the chiralities of the states contributing to these anomalies, and we find deviations from the Standard Model at the 4σ level. This conclusion is further corroborated by hints in the theoretically challenging b → sµ + µ − distributions. Theoretical interpretations in terms of Z , lepto-quarks, loop mediators, and composite dynamics are discussed. We highlight their distinctive features in terms of chiralities and flavour structure relevant for the observed anomalies.
Introduction
The LHCb [1] collaboration presented their result on the measurement of the ratio
The aim of this measurement is to test the universality of the gauge interactions in the leptonic sector. The ratio of branching ratios strongly reduces the Standard Model (SM) theoretical uncertainties and the SM prediction is R 
At face value, a single measurement featuring a 2.4σ deviation from the SM prediction can be attributed to a mere statistical fluctuation. The interest resides in the fact that these results might be part of a coherent picture involving New Physics (NP) in the b → sµ + µ − transitions. In fact, anomalous deviations were also observed in the following related measures: 3. the angular distributions of the decay rate of B → K * µ + µ − , in particular the so-called P 5 observable shows the most significant discrepancy [3, 5, 6 ].
For the observables in the latter two points the main source of uncertainty is theoretical. It resides in the proper evaluation of the form factors and in the estimate of the non-factorizable hadronic corrections. Recently, great theoretical effort went into the understanding of these aspects, see ref.s [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] for an incomplete list of references. The latest global fit [17] to the relevant b → s + − observables shows that the presence of new physics can ameliorate the fit compared to the SM by more than 4σ, and similar results have been obtained previously by various groups [18, 19] . Despite these encouraging hints of new physics, it is hard to draw strong conclusions, since very conservative analyses of the theoretical hadronic uncertainties substantially reduce the global significance on the presence of new physics in the semi-leptonic B-meson decays [14] .
In this framework, given their reduced sensitivity to theoretical uncertainties, the R K and R K * observables offer a neat way to establish potential violation of lepton flavour universality. Future data will be able to further reduce the statistical uncertainty on these quantities. In addition, measurements of other ratios R H analogous to R K , with H = X s , φ, K 0 (1430), f 0 will constitute relevant independent tests [20] .
The paper is structured as follows. In section 2 we discuss the relevant observables and how they are affected by additional effective operators. We perform a global fit in section 3. We show that, even restricting the analysis to the theoretically clean R K , R K * ratios, the overall deviation from the SM starts to be significant, at the 4σ level, and to point towards model building directions. Other observables, unfortunately affected by theoretical uncertainties, corroborate this picture. Such results prompt us to investigate, in section 4, a few theoretical interpretations. We discuss models including Z , lepto-quarks exchanges, new states affecting the observables via quantum corrections, and models of composite Higgs.
Effective operators and observables
Upon integrating out heavy degrees of freedom the relevant processes can be described, near the Fermi scale, in terms of the effective Lagrangian
where the sum runs over leptons = {e, µ, τ } and over their chiralities X, Y = {L, R}. new physics is more conveniently explored in the chiral basis
In SM computations one uses the equivalent formulation
defining dimensionless coefficients C I as
where V ts = 0.040 ± 0.001 has a negligible imaginary part, v = 174 GeV is the Higgs vacuum expectation value, usually written as 1/v 2 = 4G F / √ 2. The SM itself contributes as C
|. This observation suggests to use the chiral basis, related to the conventional one (see e.g [21] ) by C 9 = C b L µ L+R /2, C 10 = −C b L µ L−R /2, C 9 = C b R µ L+R /2, C 10 = −C b R µ L−R /2, with the approximate relation C SM 9 ≈ −C SM 10 holding in the SM. To make the notation more compact, we define
We now summarize the theoretically clean observables, presenting both the full expressions and the ones in chiral-linear approximations. The latter is defined by neglecting |C
| and expanding each coefficient C I at first order in the beyond-the-standard-model (BSM) contribution,
R K revisited
The experimental analysis introduces a cut on the squared invariant mass of the lepton system q 2 ≡ (P − + P + ) 2 , to make the contamination from the photon contribution negligible. Writing the explicit q 2 -dependence, we have
The experimental value measured in eq. (3) refers to
GeV 2 ]. To simplify notation, however, in the following we will omit the units in brackets. Neglecting SM contributions from the electromagnetic dipole operator, justified by the cut q 2 min = 1 GeV 2 , and non-factorizable contributions from the weak effective Hamiltonian, 1 the theoretical prediction 1 In the limit of vanishing lepton masses the decay rate in eq. (8) takes the form [21] dΓ(B
for R K is
This is a clean observable, meaning that it is not affected by large theoretical uncertainties, and its SM prediction is R K = 1. QED corrections give a small departure from unity which, however, does not exceed few percents [23] . New physics that affects differently µ and e can induce higher theoretical errors, bringing back the issue of hadronic uncertainties.
In the chiral-linear approximation, R K becomes
indicating that the dominant effect stems from couplings to left-handed leptons. Any chirality of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.
Notice that the approximation in eq. (13), although capturing the relevant physics, is not adequate for a careful phenomenological analysis. The same remark remains valid for the simplified expression proposed in [20] , expanded up to quadratic terms in new physics coefficients. The reason is that the expansion is controlled by the parameter C
, a number that is not always smaller than 1. This is particularly true in the presence of new physics in the electron sector in which -as we shall discuss in detail -large values of the Wilson coefficients are needed to explain the observed anomalies. For this reason, all the results presented in this paper make use of the full expressions for both R K [21] and, as we shall discuss next, R K * .
Anatomy of R K *
Given that the K * has spin 1 and mass M K * = 892 MeV, the theoretical prediction for the R K * ratio given in eq. (1) is
where
−3 . Introducing the QCD form factors f +,T (q 2 ) we have
Notice that for simplicity we wrote the Wilson coefficient C 9 omitting higher-order α s -corrections [22] . Neglecting SM electromagnetic dipole contributions (encoded in the coefficients C ( ) 7 ), and non-factorizable corrections, eq. (12) follows from Eqs (8, 9) by rotating the coefficients C ( ) 9,10 on to the chiral basis.
where p ≈ 0.86 is the polarization fraction [20, 24, 25] . In the chiral-linear limit the expression for R K * simplifies to
The formula above clearly shows that, in this approximation, a deviation of R K * from R K signals that b R is involved at the effective operator level with the dominant effect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a detailed phenomenological study, and we implement in our numerical code the full expression for R K * [26] . In the left panel of figure 1 , we present the different patters in the (R K , R K * ) plane due to turning on the various operators assumed to be generated via new physics in the muon sector. A reduction of the same order in both R K and R K * is possible in the presence of the left-handed operator C BSM b L µ L (red solid line). In order to illustrate the size of the required correction, the arrows correspond to
. Finally, notice that the reduced value of R K measured in eq. (3) cannot be explained by C
. The information summarized in this plot is of particular significance since it shows at a glance, and before an actual fit to the data, the new physics patterns implied by the combined measurement of R K and R K * .
Before proceeding, another important comment is in order. In the left panel of figure 1 , we also show in magenta the direction described by non-zero values of the coefficient C
, and implies a vector coupling for the muon. The plot suggests that negative values C BSM 9,µ ≈ −1 may also provide a good fit of the observed data. However, it is also interesting to notice that in the non-clean observables, the hadronic effects might mimic a short distance BSM contribution in C BSM 9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of R K and R K * might start to discriminate between C It is also instructive to summarise in the right panel of figure 1 the case in which new physics directly affects the electron sector. The result is a mirror-like image of the muon case since the coefficients C b X e Y enter, both at the linear and quadratic level, with an opposite sign when compared to their analogue C b X µ Y . In the chiral-linear limit the only operator that can bring the values of R K and R K * close to the experimental data is C b L e L > 0. As before, a deviation from R K in R K * can be produced by a non-zero value of C 
Deviations from the SM value R K = R K * = 1 due to the various chiral operators possibly generated by new physics in the muon (left panel) and electron (right panel) sector. Bothe the ratio refers to q 2 in [1.1, 6] GeV 2 . We assumed real coefficients, and the out-going (in-going) arrows show the effect of coefficients equal to +1 (−1). For the sake of clarity we only show the arrows for the coefficients involving left-handed muons and electrons (except for the two magenta arrows in the left-side plot, that refer to
BSM corrections. To this end, we define R K * in a given range of q 2 , in analogy with eq. (8):
where the differential decay width dΓ(B → K * µ + µ − )/dq 2 actually describes the four-body process B → K * (→ Kπ)µ + µ − , and takes the compact form
The angular coefficients I a=s,c i=1,2 in eq. (17) can be written in terms of the so-called transversity amplitudes describing the decay B → K * V * with the B meson decaying to an on-shell K * and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer to [26] for a comprehensive description of the computation. In the left panel of figure 2 we show the differential distribution dΓ(B → K * µ + µ − )/dq 2 as a function of the dilepton invariant mass q 2 . The solid black line represents the SM prediction, and we show in dashed (dotted) red the impact of BSM corrections due to the presence of 
) the relative deviation in R K * [0.045, 1.1] compared to its SM value R K * = 1, and we superimpose the 1-and 3-σ confidence contours allowed by the fit of experimental data (for simplicity, without including R K * ). This comparison shows that a 10% reduction of R K * in the mass-invariant bin
, departs from one because of the effects of the muon mass at the boundary of the range. The observed central value R SM K * [0.045, 1.1] = 0.66 can be again explained with possible effects of new physics. The natural suspect is a new physics contribution to the dipole operator, but it can be shown that this cannot be very large because of bounds coming from process like B → K * γ, see for example [27] . We can instead correlate the effect in
, the result is shown in the right panel of figure 2 is clear that all the new physics hypothesis predicts value closer to one than the present data, however the experimental error is quite large, the fate of this bin will be very important for the future.
In conclusion, the picture emerging from a simple inspection of the relevant formulas for R K and R K * is very neat, and can be summarized as follows.
• New physics in the muon sector can easily explain the observed deficits in R K ,R K * , and we expect a preference for negative values of the operator involving a left-
• New physics in the electron sector represents a valid alternative, and positive values of
• There exists an interesting correlation between R K * in q 2 = [1.1, 6] GeV 2 and its value in the mass-invariant bin q 2 = [0.045, 1.1] GeV 2 . At present all the new physics hypothesis invoked tend to predicts larger value of R K * in the low bin than the one preferred by the data.
In section 3 we shall corroborate this intuitive qualitative picture with quantitative fits.
B
The rate is predicted as
. This BR can also be affected by extra scalar operators (bP X s)(μP Y µ), so that it is sometimes omitted from global BSM fits.
Fits
We divide the experimental data in two sets: 'clean' and 'dirty':
i ) The 'clean' set includes the observables discussed in the previous section: R K , R K * , to which one can add BR(B s → µ + µ − ) given that it only provides constraints 2 .
ii ) The 'dirty' set includes about 100 observables (summarized in the Appendix A) that mostly probe kinematical distributions of various b → sµ + µ − decays and that seem to deviate from the SM. These observables are 'dirty' in the sense that they are affected by controversial theoretical uncertainties.
The rationale is to first limit the analysis to the 'clean' set of observables. In this way one can draw solid conclusions without relying on a complicated statistical treatment of large and partially uncontrolled effects. This approach is aligned with the spirit of this paper, and can be 2 When using the Flavio [29] code, for consistency we include the observable BR(B 0 → µ + µ − ), whose experimental error is correlated with the one on BR(B s → µ + µ − ).
extremely powerful, as already shown in section 2.2. Furthermore, extracting from this reliable theoretical environment a BSM perspective could be of primary importance to set the stage for more complex analyses. In a second and third step we will estimate the effect of the 'dirty' observables and combine all observables in a global fit.
Fit to the 'clean' observables only
The formulae summarized in the previous section allow us to fit the clean observables. We wrote a dedicated Flavour Anomaly Rate Tool code (Fart). We combine in quadrature the experimental errors on the two R K * bins, using the higher error band when they are asymmetric. We checked that our results do not change appreciably if a more precise treatment is used. Let us start discussing the simplest case, in which we consider a one-parameter fit. Apart from its simplicity, this case is interesting because it captures most of the relevant features of concrete models, as we shall widely discuss in detail in section 4. We show the corresponding results -best-fit point, 1-σ error, and ∆χ 2 ≡ χ 2 SM − χ 2 best -in the 'clean' column in table 1. In the upper part of the table we show the hypothesis with new physics in the muon sector. It becomes immediately evident that the result of the fit matches the discussion of section 2.2:
is favoured by the measured anomalies in R K and R K * , with a significance of about 4σ. The discussion related to the hypothesis in which we allow for new physics in the electron sector, shown in the lower part of table 1, proceeds in parallel with section 2.2.
-are equally favoured by the fit. However, only the operator O b L e L involving left-handed quarks and electrons can explain the observed anomalies with an order one Wilson coefficient since it dominates the new-physics corrections to both R K and R K * , see Eqs (13, 15) . As before, we find a statistical preference with respect to the SM case at the level of about 4-σ. To simplify the comparison with existing literature, we also report, in table 6 the results analogous to the ones in table 1, but in the vector-axial basis.
The piece of information that we learn from this simple fit is therefore very sharp: by restricting the analysis to the selected subset of 'clean' observables R K , R K * and BR(B s → µ + µ − ), not much affected by large theoretical uncertainties, we find a preference for the presence of new physics in the observed experimental anomalies in B decays. In particular, the analysis selects the existence of a new neutral current that couples left-handed b, s quarks and lefthanded muons/electrons as the preferable option.
Effective four-fermions operators that couple left-or right-handed b, s with right-handed electrons are also equally preferred at this level of the analysis, but they require larger numerical values of their Wilson coefficients.
Needless to say, this conclusion, although already very significant, must be supported by the result of a more complete analysis that accounts for all the other observables related to B decays, and not included in the 'clean' set used in this section. We shall return to this point in section 3.2.
New physics in the muon sector New physics in the electron sector Table 1 : Best fits assuming a single chiral operator at a time, and fitting only the 'clean' R K , R K * , and BR(B s → µ + µ − ); or only the 'dirty' observables with questionable theorethical uncertainties, or combining them in a global fit. As far as the electron case is concerned, we only add to the 'clean' set the observables BR(B + → X s e + e − ). The data affected by dominant theoretical uncertainties are dubbed as 'dirty': their significance here quoted would be rescaled by a factor λ if the theoretical uncertainties, adopted from state-of-the-art studies, were underestimated by the same factor.
New physics in the muon sector (Vector Axial basis) Before proceeding, we comment on the possibility to perform a two-parameters fit using only 'clean' observables. We show our results in figure 3. Allowing for new physics in muons only, the combined best-fit regions are shown as yellow contours. Since there are few 'clean' observables, we turn on only two new-physics coefficients in each plot, as indicated on the axes. We also show, as rotated axes, the usual C 9 and C 10 coefficients. We see that the key implications mentioned in section 2.2 are confirmed by the global fit, altough uncertainties allow for wider regions in parameter space. In the upper plot of figure 3 we allow for new physics in the operators involving left-handed muons, C b L µ L and C b R µ R : both coefficients are fixed by the 'clean' data. Operators involving right-handed muons, on the other hand, do not lead to good fits. A good fit is obtained by turning on only C b L µ L , altought uncertainties do not yet allow to draw sharp conclusions.
Fit to the 'dirty' observables
In order to perform a global fit of 'dirty' observables we use the public code Flavio [29] .
These observables alone favour a deviation from the SM. The deviation would be at the 15σ level if theoretical uncertainties could be neglected. However, theoretical uncertainties are dominant, and it is difficult to quantify them. We take theoretical uncertainties into account using the 'FastFit' method in the Flavio code with the addition of all the included nuisance parameters. With this choice the SM is disfavoured at about 5σ level. While a lot of work has been dedicated to estimate theoretical uncertainties, the issue is still debated, and other authors claim that there is no significant discrepancy with the SM model [14] .
Given that most 'dirty' observables involve muons (detailed measurements are much more difficult with electrons), we present a simple χ 2 of the 4 Wilson coefficients involving muons. This is a simple useful summary of the full analysis. In this approximation, the 'dirty' observ- Figure 3 : Fit to the new-physics contribution to the coefficients of the 4 muon operators (bγ µ P X s)(μγ µ P Y µ) at 1, 2, 3σ. The yellow regions with dotted contours show the best fit to the 'clean' observables only; due to the scarcity of data in each plot we turn on only the two coefficients indicated on its axis, such that the best fit region can be empty. The red regions with dashed contours show the best global fit to the 'dirty' observables only, according to one estimate of their theoretical uncertainties; in this fit we turn on all 4 muon operators at the same time and, in each plot, we marginalise over the coefficients not shown in the plot. The green regions show the global fit, again turning on all 4 muon operators at the same time. In figure 5 we turn on the extra 4 electron operators too. ables determine the 4 muon Wilson coefficients as 
The uncertainties can be rescaled by factors of O(1), if one believes that theoretical uncertainties should be larger or smaller than those adopted here. The global fit of 'dirty' observables to new physics in the 4 muon coefficients is also shown as red regions in figure 3 . The important message is apparent both from the figure and from eq. (19): 'dirty' observables favour a deviation from the SM in the same direction as the 'clean' observables:
∼ −1 to the Wilson coefficient involving left-handed quarks and muons. 'Clean' observables and 'dirty' observables -whatever their uncertainty is -look consistent and favour independently the same pattern of deviations from the SM.
3 In general, within the Gaussian approximation, the mean values µ i , the errors σ i and the correlation matrix ρ ij determine the χ 2 as χ
Global fit
We are now ready to combine 'clean' and 'dirty' observables in a global fit, using both the Flavio and Fart codes. The result is shown as green regions in figure 3, assuming that new physics affects muons only. The global fit favours a deviation in
, and provides bounds on the other new-physics coefficients. Using the Gaussian approximation for the likelihood of the muon coefficients, the global fit is summarized as 
Finally, we allow for new physics both in muons and electrons, such that there are 8 free Wilson coefficients.
An anomaly in muons is strongly preferred to an anomaly in electrons, if we adopt the default estimate of controversial theoretical uncertainties. This is for example shown in fig. 4 , where we allow for a single operator involving muons and a single operator involving electrons.
In view of this preference, and given the scarcity of data in the electron sector, we avoid presenting a global fit of new physics in electrons only. We instead perform a global combined fit for the muon and electron coefficients (which should be interpreted with caution, given that 'dirty' observables are dominated by controversial theoretical uncertainties). We find the result shown in figure 5 , which confirms that -while electrons can be affected by new physics -'dirty' data favour an anomaly in muons.
Theoretical interpretations
We now discuss different theoretical interpretations that can accommodate the flavour anomalies. We start with the observation that an effective (sγ µ P X b)(¯ γ µ P Y ) interaction can be mediated at tree level by two kinds of particle: a Z or a leptoquark. Higher order induced mechanisms are also possible. These models tend to generate related operators
and therefore one needs to consider the associated experimental constraints. The first operator affects B s mass mixing for which the relative measurements, together with CKM fits, imply c [30, 31] . The second operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker bound |c
2 at 95% C.L. [32] . Furthermore, new physics that affects muons can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a possible deviation from the Standard Model with ∆a µ = (24 ± 9) · 10 −10 [33] . 
Models with an extra Z
Models featuring extra Z to explain the anomalies are very popular, see the partial list of references [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Typically these models contain a Z with mass M Z savagely coupled to
The model can reproduce the flavour anomalies with c 
Z is generated. However the latter does not yield a strong constraint on g µ L .
Another possibility is for the Z to couple to the 3-rd generation left-handed quarks with coupling g t and to lighter left-handed quarks with coupling g q . The coupling g bs arises as g bs = (g t − g q )(U Q d ) ts after performing a flavour rotation U Q d among left-handed down quarks to their mass-eigenstate basis. The matrix element (U Q d ) ts is presumably not much larger than V ts and possibly equal to it, if the CKM matrix
is dominated by the rotation among left-handed down quarks, rather than by the rotation U Qu among left-handed up quarks.
Then, the parameter space of the Z model gets severely constrained by combining perturbative bounds on g µ L . In addition the LHC bounds on pp → Z → µμ can be relaxed by introducing extra features, such as a Z branching ratio into invisible DM particles [51] .
A characteristic feature of Z models is that they can mediate effective operators involving different chiralities. In fact, gauge-anomaly cancellations also induce multiple chiralities: for example a Z coupled to L µ − L τ is anomaly free [36] , where the L e contribution is avoided because LEP put strong constraints on 4-electron operators. The chiralities involved in the b → s + − anomalies can be determined trough more precise measurements of 'clean' observables such as R K and R K * .
Models with lepto-quarks
The anomalous effects in b → s + − transitions might be due to the exchange of a Lepto-Quark (LQ), namely a boson that couples to a lepton and a quark. Concerning lepton flavour, in general a LQ can couple to both muons and electrons. However, simultaneous sizeable couplings of a LQ to electrons and muons generates lepton flavour violation which is severely constrained by the time-honoured radiative decay µ → eγ. For this reason one typically assumes that LQs couple to either electrons or muons. (Here sizeable means an effect which has an impact on the anomalous observables). The coupling to muons allows to fit the anomalies in b → sµ + µ − distributions, as well as the R K and R K * µ/e ratios. The gauge quantum number of scalar LQs select a specific chirality of the SM fermions involved in the new Yukawa couplings, and thereby generate a unique characteristic operator in the effective Lagrangian in the chiral basis of eq. (4), as illustrated in figure 6b . The correspondence is given by (23) where can be either an electron or a muon. In parenthesis we reported the SU(3) × SU(2) L × U(1) Y gauge quantum numbers, and we followed the notations and conventions from [52] for LQ names. Q, L (U, D, E) are the left-handed (right-handed) SM quarks and leptons.
Given that each LQ mediates effective operators with a given chiralty, we can directly read from our one parameter fits of the b → s + − anomalies of table 1. Assuming new physics in the muon sector, the measurement of R K * selects a unique scalar lepto-quark: S 3 ∼ (3, 3, 1/3), which is a triplet under SU(2) L . It is remarkable that this is obtained with just the information coming from 'clean' observables while the inclusion of the remaining observables (with our specified treatment of the errors) reinforces this hypothesis. The explanation of the anomalies in terms of S 3 has been firstly proposed after the measurement of R K in [53] switching only those couplings needed to reproduce the effect. In [54] the LQ has been identified as a pseudoGoldstone boson associated to the breaking of a global symmetry of a new strongly coupled sector. In the same work it has also been suggested that a rationale for the size of the various flavour couplings could be dictated by the mechanism of partial compositeness [55] . Another motivated pattern of couplings has been suggested in [56] using flavour symmetry.
A potential issue with S 3 is the danger of extra renormalizable couplings with di-quarks (denoted collectively by y in the Lagrangians above) which may induce proton decay. Baryon number conservation has to be invoked to avoid this issue. Motivated by this, in [57, 58] , the LQR 2 (which respects the global symmetry U(1) B accidentally at the renormalizable level) has been considered leading to the prediction R K * > 1, which is now disfavoured by the LHCb data. The other two optionsS 1 and R 2 were already disfavoured after the measurement of Spin Quantum Clean observables Clean observables All Number new physics in e new physics in µ observables S 3 0 (3, 3, 1/3) R 2 0 (3, 2, 7/6) R 2 0 (3, 2, 1/6) S 1 0 (3, 1, 4/3) U 3 1 (3, 3, 2/3) V 2 1 (3, 2, 5/6) U 1 1 (3, 1, 2/3) Table 3 : Which lepto-quarks can reproduce which b → s + − anomalies.
The situation is different if LQs couple to electrons, rather than to muons, such that only the anomalies in the 'clean' observables can be reproduced. 'Clean' observables can be reproduced by all chiralities, with the only exclusion of C b R L , which is mediated by theR 2 LQ. From the fit, we notice that theS 1 and R 2 LQs can fit the anomalies by giving only a large contribution to the Wilson coefficients, comparable to the SM contributions: this happens because these LQs couple to right handed electrons, with little interference with the SM. One the other hand, S 3 couples to left-handed leptons, such that the sizeable interference with the SM allows to reproduce the observed anomalies with a smaller new physics component. We briefly comment on the possible interpretation of a LQ as a supersymmetric particle in the MSSM. The only sparticle with the same gauge quantum numbers as a LQ is the lefthanded squarkQ ∼R 2 . However, even if it has R-parity violating interactions, this LQ gives the wrong correlation between R K and R K * , disfavouring the supersymmetric interpretation of the anomalies.
We move now to the discussion of the exchange of vector LQs at tree level, illustrated in figure 6c. There are 3 cases: U 3 ∼ (3, 3, 2/3), V 2 ∼ (3, 2, 5/6) and U 1 ∼ (3, 1, 2/3). Their relevant interactions are:
The vector LQ V 2 and U 1 can contribute to anomalous observables trough a multiple chiral structure. In general, if both y and y are sizeable, dangerous scalar operators may be generated. If one of the two couplings dominates, we can again restrict to our one parameter fit, with the following correspondence: Figure 7 : Feynman diagrams contributing to R K , ∆M Bs and the muon g − 2 in models with extra fermions F and extra scalars S. In Fundamental Composite Higgs models these diagrams will be dressed by further new composite dynamic contributions.
Similar phenomenological considerations to explain the B-meson anomalies as in the case of the scalar LQ apply, we summarise the relevant options in table 3.
Models featuring vector LQs models in order to explain the flavour anomalies appeared recently in literature [60] [61] [62] [63] , typically as new composite states. The presence of these states signals that the theory in isolation is non-renormalizable, meaning that loop effects of the vectors are UV divergent, for a recent re-discussion see [64] . Naive dimensional analysis shows that one-loop contributions to physics observables such ∆M Bs might be problematic. A careful study of this topic is a model dependent issue and it requires extra information on the UV embedding of the LQ in a complete theory.
Models with loop mediators
The R K anomaly can be reproduced by one loop diagrams involving new scalars S and new fermions F with Yukawa couplings to SM fermions that allow for the Feynman diagram in figure 7a [31, 65] , see also [66] . In this particular example, one generates an operator involving left-handed SM quarks and leptons, denoted respectively by Q and L. The needed extra Yukawa coupling to the muon must be large, y L ∼ 1.5. This also explains why the MSSM does not allow for an explanation of the R K , R K * anomalies: a possibile box diagram containing Winos and sleptons predicts y L ∼ g 2 1.5, where g 2 is the SU(2) L gauge coupling. In section 4.4 we will consider renomalizable models of composite dynamics featuring extra elementary scalars, where we will show that the extra particles S and F can be identified with the constituents of the Higgs boson, and that their Yukawa couplings are the source of the SM Yukawa couplings, giving rise to a flavour structure similar to the SM structure. Then, the one loop Feynman diagrams of figure 7 are dressed by the underlying composite dynamic. 
Fundamental composite Higgs
Models in which the Higgs is a composite state are prime candidates as potential source of new physics in the flavour sector [67] [68] [69] . Fundamental theories with a Higgs as a composite state that are also able to generate SM fermion masses appeared in [70] . These theories feature both techni-scalars S and techni-fermions F. In models of fundamental composite Higgs: i) it is possible to replace the standard model Higgs and Yukawa sectors with a composite Higgs made of techni-particles; ii) the SM fermion masses are generated via a partial compositeness mechanism [55] in which the relevant composite techni-baryons emerge as bound states of a techni-fermion and a techni-scalar.
The composite theory does not address the SM natural problem but it is fundamental in the sense that it can be extrapolated till the Planck scale [70] . Having a fundamental theory of composite Higgs, we use it to investigate the flavour anomalies.
The Table 5 : Coefficients of the low-energy operators generated within a naive perturbative TCfermion and TC-scalar estimate (second column) along with their NDA analysis counterpart (third column). The NDA result for ∆a modifies in the presence of a TC-fermion condensate
The TC-Yukawa couplings accidentally conserve lepton and baryon numbers (like in the SM) and TC-baryon number; depending on the value of Y the lightest TC-baryon can be a neutral DM candidate.
We require TC-scalar masses and TC-quartics to respect flavour symmetries so that the BSM corrections to flavour observables abide the experimental bounds. At one loop 4 in the TC-Yukawas one obtains the following operators involving 4 SM fermions
All SM fermions and their chiralities are involved. These operators are phenomenologically viable if the fundamental TC-Yukawa couplings have the minimal values needed to reproduce the SM Yukawa couplings: y E ∼ y L ∼ √ g TC y , and similarly for quarks.
However, when the TC-Yukawas (say, y L ) are enhanced the impact on new physics is also enhanced. The observed SM Yukawa couplings are reproduced when the corresponding TCYukawas (say, y E ) are reduced. Consequently, in this scenario new physics manifests prevalently in leptons of one given chirality. Because data prefer new physics to emerge prevalently in left-handed muons it is natural to consider here an enhanced muon coupling y L and a correspondingly reduced right-handed y E .
We summarise in table 5 the coefficients of the relevant flavour-violating effective operators, both within a naive one-loop approximation (adopting the results from [30, 31] ) and Naive Dimensional Analysis (NDA) in the composite theory. We defined
Estimates of signals and bounds on the Yukawa couplings of fundamental composite Higgs models.
and the loop functions
F 9 (y) = −2y 3 + 6 ln y + 9y 2 − 18y + 11
G 9 (y) = 7 − 36y + 45y 2 − 16y 3 + 6(2y − 3)y 2 ln y 36(y − 1) 4 , (27d)
that equal F (1, 1) = 1/3, F 7 (1) =F 7 (1) = 1/24, F 9 (1) = −1/24, G 9 (1) = 1/8, for degenerate masses. The latter entry in table 5 is the correction to the Z coupling to left-handed muons g µ L , written in terms of the weak mixing angle s W = sin θ W . The LEP bound at the Z pole is |δg Zµ L | ≤ 0.8% · g 2 at 2σ [77] . We can neglect TC-penguin diagrams [30] . We can always work in a basis where
Lµ . Figure 8 shows that, in order to reproduce the b → s + − anomalies and the muon g − 2 anomaly, a relatively large Yukawa coupling y Lµ ∼ 1.5 is needed, like in models with perturbative extra fermions and scalars. In the composite model such values of TC-Yukawa coupling have natural sizes. This is corroborated by a RGE analysis for y Lµ that features an extra contribution involving the g TC gauge coupling:
In the presence of the first term only, setting N TC = 1, the Yukawa coupling grows with energy and perturbativity up to a scale Λ max implies |y Lµ | < 2π/ ln(Λ max / TeV) ≈ 1, where the numerical value holds for Λ max ∼ M Pl . In the presence of the second term a larger y Lµ ∼ g TC is compatible with the requirement that all couplings can be extrapolated up to the Planck scale. This is similar to how the strong coupling g 3 allows for y t ≈ 1 in the SM. In the fundamental composite Higgs model, the large couplings y t and y Lµ contribute to the prediction for the Higgs mass parameter in term of Λ TC .
Lepton-flavour violation is absent as long as the y E matrix is diagonal in the same basis where y L is diagonal. Then y = y L y E /g TC for = {e, µ, τ }. In general, there can be a flavourviolating mixing matrix in the lepton sector. In particular, the mixing angle θ eµ generates µ → eγ, but only when effects at higher order in the Yukawa couplings are included [70] . 
The experimental bound BR(µ → eγ) < 0.6 10 −12 [78] is satisfied even for θ eµ ∼ 1 provided that in the electron sector too one has a large y Le and a small y Ee ∼ y e ∼ 10 −6 . Finally, we mention an effect that can enhance the new-physics correction to some flavourviolating operators. While the fermion condensates induced by strong dynamics are known, the scalar condensates are not known (although they are computable, for example by dedicated lattice simulations). Possible scalar condensates could break the accidental flavour symmetry among scalars, leading to extra lighter composite pseudo-Goldstone bosons. The state made of S * E c S D c behaves as a lepto-quark: if light it would mediate at tree level some effective operators, analogously to theS 1 lepto-quark considered in section 4.2.
Conclusions
We found that the new measurement of R K * together with R K favours new physics in lefthanded leptons. Furthermore, adding to the fit kinematical b → sµ + µ − distributions (plagued by controversial theoretical uncertainties), one finds that they favour the same of deviations from the SM in left-handed muons. However, even if the uncertainties on R K , R K * will be reduced, a precise determination of the new-physics parameters will be prevented by the fact that these no longer are theoretically clean observables, if new physics really affects µ differently from electrons.
We next discussed possible theoretical interpretations of the anomaly. One can build ad-hoc models compatible with all other data:
• One extra Z vector can give extra new-physics operator that involve all chiralities of SM leptons: the simplest possibility motivated by anomaly cancellation is a vectorial coupling to leptons. However, unless the Z is savagely coupled tobs quarks, a Z coupled toss andbb is disfavoured by pp → Z → µ + µ − searches at LHC and other contraints.
• One lepto-quark tends to give effects in muons or electron only (in order to avoid large flavour violations), and only in one chirality.
• One can add extra fermions and scalars such that they mediate, at one loop level, the desired new physics. Their Yukawa coupling to muons must be larger than unity.
In the new class of strongly coupled models [70] , a set of such extra scalars and fermions have been introduced in order to reproduce the SM values of the Yukawa couplings of the fundamental composite Higgs. These models can reproduce the b → s + − anomalies, provided that the Yukawa coupling to muons is of order one. In such a context, a large Yukawa coupling does not lead to Landau poles at low energy, because its renormalization group equations receive an extra contribution from the same new strong gauge interaction introduced to get the composite Higgs. Furthermore, only one chirality of muons can have a large Yukawa coupling, given that their combination must reproduced the small SM Yukawa coupling of the muon. Thereby fundamental composite Higgs models can give enhanced effect in only one lepton chirality. The anomaly in the muon g − 2 can be reproduced.
While the effective 4-fermion operators that can account for the b → s + − anomalies need to be suppressed by a scale ∼ 30 TeV, the actual new physics can be at a lower scale, with obvious consequences for direct observability at the LHC and for Higgs mass naturalness. [16, 17] , [17, 18] , [18, 19] , [19, 20] , [20, 21] , [21, 22] LHCb [16, 17] , [17, 18] , [18, 19] , [19, 20] , [20, 21] , [21, 22] LHCb [79] CMS Collaboration, "Measurement of the P 1 and P 5 angular parameters of the decay B 0 → K * 0 µ + µ − in proton-proton collisions at √ s = 8 TeV", CMS-PAS-BPH-15-008. 
